Abstract-In the framework of the LIU project, new septa magnets have been designed between CERN's PS booster (PSB) extraction and PS injection. The upgraded devices are to deal with the increased beam energy from 1.4 to 2 GeV at extraction of the PSB. The direct drive recombination septa in the PSB transfer line to the PS and the eddy current PS injection septum together with a bumper at injection have been investigated using finite-element software. For the recombination magnets, an increase in magnet length is sufficient to obtain the required deflection; however, for the PS injection elements, a more novel solution is necessary to also achieve increased robustness to extend the expected lifetime of the pulsed device. The injection septum will share the same vacuum vessel with an injection bumper, and both magnets will be located adjacent to each other. The new PS injection magnet will be the first septum operated at CERN based on eddy current technology. The magnetic modeling of the devices, the comparison of the performance of the present 1.4-GeV devices with the predictions for the upgraded 2-GeV devices, and the solutions retained to achieve the field requirements are described in this paper.
I. INTRODUCTION
T HE PS BOOSTER (PSB) extraction energy will be increased from 1.4 GeV to 2 GeV in the framework of the LIU project [1] . Consequently, the septa used for the PSB extraction, the recombination in the transfer line to the PS and the PS injection septum are being redesigned and upgraded [2] . For the extraction of the PSB beams, the increased beam rigidity is taken into account, together with the request for an additional 2 mrad deflection for beam trajectory corrections. The magnet aperture requirements remain unchanged, but the increased magnet current creates a corresponding increase in the thermal loading, hence cooling has been updated.
For the PSB vertical recombination septa in the transfer line, a study was performed to confirm the magnet aperture, taking into account the 2 GeV optics in the transfer line in addition to the increased length and displaced center of deflection of the three recombination septa.
Finally, the injection septum for the PS will be replaced by an "Eddy Current" device ( Fig. 1 ) to achieve the required integrated magnetic field using a more robust topology. An eddy current bumper magnet shall also be installed adjacent to the septum, on the PS orbiting beam. 
II. PS BOOSTER EXTRACTION SEPTUM UPGRADE
The implications of the energy upgrade and the optics review for the extraction septum magnet (BESMH) are two-fold. The required integrated field needs to be increased by 30% to deal with the increased beam rigidity. The deflection angle needs to be increased from 47 mrad to 49 mrad to provide some margin for trajectory corrections. To meet these requirements the excitation current must be increased from 7.0 kA to 9.6 kA.
The PSB being four superimposed accelerators, the extraction septa of each ring are located vertically on top of each other. Hence, the BESMH system consists of four magnets connected electrically in series, installed in two superimposed vacuum tanks. Two magnets per tank are electrically and hydraulically in series and the two tanks are cooled in parallel. The main magnet parameters are given in Table I [3] .
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Calculations have indicated that the magnets should retain their linearity at currents of up to 10 kA, and as such they are capable of handling the increase in particle energy without modifications. Since the Booster injection equipment is designed for a repetition rate of 0.9 s, the BESMH upgrade also provides for the increased RMS current due to a reduction of the repetition period from 1.2 s to 0.9 s. This factor combined with the increased excitation together lead to an increase of the RMS current from 253 A to 396 A. The copper busbars that connect the magnets inside the tanks electrically in series are not individually cooled, and the cross section is 200 mm 2 . To cope with the increased RMS current, this cross section has been increased to 400 mm 2 and the cooling scheme of the magnets inside each tank is changed from series to parallel. Since the power feedthrough also carries the cooling water from outside into the vacuum vessel, ceramic insulators were installed on the cooling circuit avoiding short circuiting the magnets with the in-parallel cooling.
The BESMH was tested hydraulically and magnetically after the modifications. The cooling capacity has been increased from 1.9 l/min to 6.6 l/min per vacuum tank at differential pressure of 12 bar. The magnetic performance including nominal gap field, integrated magnetic length and fringe field has been evaluated and compared to the measurements made during the initial construction of the 1.4 GeV system. The values achieved compare favorably with the theoretical predictions and the initially measured parameters. Saturation accounts for slight loss of linearity at currents above 10 kA. The relative fringe field value remains well below 0.4% at distances above 5 mm from the septum blade. The upgraded, 2 GeV compatible BESMH will be installed in the PSB during the next Extended Year End Technical Stops (EYETS).
III. DIRECT-DRIVE PSB RECOMBINATION SEPTUM UPGRADE

A. BT-SMV10 and BT-SMV20 Specifications and Solutions for 1.4 and 2 GeV
The energy upgrade from 1.4 GeV to 2 GeV entails an increase of the beam rigidity by a factor 1.3. This requires the same factor in the field integral of the PSB recombination septa BT-SMV10 and BT-SMV20 in order to deflect the beam with the same angle while preserving the present recombination geometry. Since the beam observation system used in the present layout can be relocated further downstream, the length of the magnet can be increased without having to make modifications to the magnet's vacuum vessel (Fig. 2) .
This implies that a maximum of 1300 mm is available for the magnet, accepting a shift of the center of deflection downstream. Analysis of the beam trajectories confirmed that the magnet cross section can remain unchanged. The principal magnet parameters are shown in Table II .
B. BT-SMV10 Electromagnetic Modeling Results
The electromagnetic modeling has been made using the finite element software package Cobham Opera 17 [4] . The theoretical parameters of the direct drive BT-SMV10 and BT-SMV20 can be verified using a 3D model. The finite element model included nonlinear magnetic materials: the steel yoke and a pair of Armco endplates. In Opera, the drive coil is not part of the finite element mesh, and the simulation has been performed in DC. According to the simulations, the obtained magnetic length was 1.225 m. The homogeneity calculations are based on straight integrals of the vertical component of the magnetic flux density. The integrals were calculated on a grid with 1 mm × 1 mm resolution, and the relative errors of each value was compared to the reference found in the middle of the gap. The resulting field homogeneity was ±0.59% in the good field region (GFR).
The relative fringe field values were extracted from simulations, and the integrated values remain below 0.7% at distances beyond 5 mm from the septum.
IV. EDDY CURRENT PS INJECTION SEPTUM AND BUMPER
A. Septum and Bumper Specifications and Solutions
The beam will be injected into Straight Section 42 (SS42) of the PS with a magnetic septum SMH42 installed under vacuum to achieve the minimum separation between the injected and the circulating beam. The present injection septum is at its very limit and cannot deflect a higher energy beam with the correct angle. To obtain the required integrated field for the 2 GeV beam, the new septum magnet requires the full length of SS42 to be available. The injection bump is achieved with five bumper magnets. Since one of them, BSW42 is located in SS42, it has to be installed next to the septum in the same vacuum vessel (Fig. 3) . The physical length of the septum magnet is limited to 940 mm by the vacuum vessel. The principal magnet parameters for both magnets are shown in Tables III and IV [2] .
Eddy current technology was chosen for its robustness, with the aim to increase the mean time between failures above the 20 million pulses (2 years) of the present system. Using this technology the coil is located around the back leg of the yoke. When the magnet is pulsed, the septum blade is not directly driven by the power supply, however the magnetic field induces eddy currents in the septum blade, counteracting the fringe field created. The field in the gap is out of phase with respect to the coil current. To reduce the fringe field of the eddy current septum a "return" copper box is placed around the yoke. Additionally, several magnetic shielding geometries were investigated, and the optimal solution is a magnetic screen, which can be placed next to the septum conductor, supplemented by a magnetic beam screen, which is copper coated on the inside to limit the beam impedance (Fig. 1) [5] .
B. SMH42 and BSW42 Electromagnetic Modeling Results
Both devices will be using eddy current technology and must be pulsed to operate, hence transient simulations of these magnets were made in Opera 17 [4] . Opera-3D requires at least three finite element mesh layers per skin depth in the copper box to accurately simulate the propagating eddy currents, so layering was used in the septum conductor [6] .
1) Excitation Current:
The choice of the excitation waveform has a significant effect on the fringe field. Generally the waveform is chosen such that the corresponding skin depth in the copper blade is between 5 and 10 times less than the septum thickness. In the case of a 5 mm septum as in our application, this would require an excitation full sine pulse width in the range of 50-200 μs [6] . A matching transformer is used close to the magnet to avoid the transport of the high magnet current over the 160 m between the power converter and the magnet. These factors would however result in excessively high voltages on the magnet and in the power converter. Consequently, the excitation full sine pulse width used for the septum is chosen to be 2 ms.
Half and full sine excitations behave similarly in the magnet gap. Using half sine for the septum magnet, eddy currents induce a decaying fringe field after the pulse with a large time constant, which would affect the circulating beam in the bumper. Several waveforms have been investigated. When a full sine excitation is used, the resulting amplitude of the fringe field is reduced by one order of magnitude. A flattop on the waveform makes injection less sensitive to timing jitter, hence the effect of a trapezoidal shape was investigated. Finally, a modified full sine proved to be the optimal solution to maintain good homogeneity, flattop and suppressed eddy currents after powering the magnet at the same time [7] .
2) Novel Magnet Geometry: The homogeneity of the septum is not a critical issue, since it is seen by the beam only once. To clamp the end-field and decrease the magnetic length of the device, 5 mm thick C-shaped Armco endplates were used. The homogeneity requirements for the bumper however are ±1% maximum. In order to reach this value, using a 1 ms half sine excitation current, a so-called "direct drive-like" magnet is proposed. This device still uses a copper box around the yoke and the coil of the magnet, but on the septum side there is a conductor only inside of the gap, similar to a conventional direct drive septum. 3) Field Homogeneity: The drawback of the concept with the proposed excitation is an increased leakage field, hence magnetic shielding is required between the two magnets. It is only possible to have one "direct drive-like" device, since it uses the full height copper blade of the injection septum to retain it mechanically during the pulses. The septum part of the copper has a trapezoidal shape to fix the coil and to further increase homogeneity.
Pulsed non-linear 3D finite element calculations have been performed for SMH42 and BSW42 separately, and simultaneously as well. Their excitation current waveform was a modified 2 ms full sine, and a modified 1 ms half sine, respectively. According to the simulations of SMH42 and BSW42 the obtained magnetic length was 0.913 m and 0.322 m, respectively. The homogeneity calculations were made in the same way as for BT-SMV10. The field homogeneity was ±1.18% in the GFR of the septum and ±0.78% for the bumper.
4) Leak Field:
The leak field values are inherently high due to the technology used and the special construction of the bumper. Preliminary 2D simulations were performed to investigate the shielding efficiency of Mumetal placed near the septum of a pulsed device. Four versions were analyzed: a baseline geometry with 5 mm full height septum blade without shielding, one with a 0.5 mm Mumetal plate, another shielded model with an extra 5 mm septum blade to represent the septum of the opposite device, and one with a rectangular 1 mm thick Mumetal box to symbolize an impedance screen around the circulating beam. According to the Opera-2D simulations, the best solution is to insert Mumetal between the septum blades and to install a Mumetal box around the circulating beam having an integrated fringe field 0.1% and 0.12% of the main one, respectively, 10 mm from the septum. Both solutions are needed: the screen should be inserted between the magnets and a shielding box fitted downstream of the BSW42, adjacent to SMH42. The relative fringe field values were also estimated separately for SMH42 (Fig. 4) and BSW42 from Opera-3D, without magnetic shielding. The leak field of the bumper alone is relatively high due to its special construction [4] , [8] .
5) Crosstalk Between the Magnets:
The crosstalk between SMH42 and the adjacent BSW42 has been investigated using steady state 500 Hz AC simulations. The magnets have been powered separately to calculate the induced flux in the leg of the opposite yoke. The induced voltages were calculated as the time derivative of the flux in the mid-plane of both devices. Using a 0.5 mm Mumetal screen between the magnets the first approximations of the peak induced voltages in SMH42 and BSW42 were 240 mV and 30 mV, respectively. More precise transient simulations, and identifying the source of the large difference between the induced voltages are still under investigation.
C. Magnetic Tests on a Simplified Prototype
Before building the full-sized eddy current septa magnets, a prototype was constructed (Fig. 5) . The goal was to demonstrate the working principle of the new technology and to measure different shielding options in practice. In the meantime Opera-3D simulations were performed to compare the results. The expected Bdl in the middle of the aperture was 74.88 mTm from the simulations and the measured value was 74.71 mTm, having 0.22% of difference. The measured integrated fringe field was 2.73 mT.m and 2.26 mT.m at 5 mm and 15 mm from the septum, respectively. These values compare with 1.48 mT.m and 1.16 mTm obtained with the simulations. The discrepancy between the measured and simulated values can be explained by differences between the Opera and the physical models to simplify the meshing and speed up simulation and by the fact that the measurements were made with a 10 mm wide coil limiting the accuracy, whereas the results of the simulation were obtained from simple straight integration paths. Improvements in precision on both simulation and measurement are being carried out [4] .
V. CONCLUSION
As part of the LIU project, PSB extraction, recombination and PS injection upgrades are presented in this paper. The new design of SMH42 and BSW42 uses the novel eddy current technology in order to fit the existing vacuum chamber and to increase the magnet reliability. They will provide sufficient Bdl for the required deflection at the increased beam energy, while remaining within the limits of acceptable homogeneity and fringe field values using the magnetic shielding and beam screen. The choice of eddy current magnets provides for a more robust system and should require less maintenance.
